Abstract-A microwave sensor system for the noninvasive monitoring of the curing process of a thermoset material placed inside a metallic mold is described. The microwave sensor is designed as an open-ended coaxial resonator with a curved surface adapted to the mold inner shape. The analysis of the microwave resonator comprises a recently developed method for deembedding the effect of coupling network in overcoupled resonators, so the range of permitted measurements encompass both low and high dielectric losses of polymeric materials. Results show that noninvasive, continuous monitoring of the microwave dielectric properties of the thermoset material can be performed in real time, allowing one to check initial conditions and to verify the evolution of the cure process.
and assumptions made about the materials state before/during/ after the cure, so it is common practice to use conservative estimations. As a result, cure is less efficient than it could be [3] .
Techniques for cure monitoring can be divided into two main classes. The first class is comprised of methods that are directly sensitive to the chemical reaction (thermoanalysis, differential scanning calorimetry (DSC), infrared spectroscopy (FIR), nuclear magnetic resonance (NMR), and chromatography, for example). For practical and economical reasons, these methods are usually difficult to incorporate to the production process [3] , [4] . The other class is composed of those techniques which detect changes in some macroscopic material parameters. The macroscopic attributes that change during cure are mechanical-complex elastic or shear modulus, viscosity-(measured by dynamic mechanical analysis (DMA), ultrasound, or viscosimetry) and electrical-dc and ac conductivity, dielectric permittivity and loss [measured by dielectric analysis (DEA)] [4] .
All methods have been succesfully used in basic investigations, however, only a few seem to be suitable for online cure monitoring in industrial environments [4] . It is difficult to be prescriptive in the best technique to use, since there are many aspects which have to be taken into account: material sensitivities, processing applicability, part integration, costs, and volume of material probed. DEA is of a particular advantage in the monitoring of thermoset cure because the measurements can be made in processing environments such as ovens, presses, and autoclaves. This allows DEA to be used as a production monitoring and control tool as well as for laboratory studies [5] .
Dielectric spectroscopy of material properties was preliminary investigated by Von Hippel in the 1940s [6] . More advanced techniques based on the measurement of the dielectric properties of polymer composites were developed by Matis in the 1960s [7] . Microdielectrometry as a means of measuring dielectric properties of polymers was developed and used by Senturia's group in the early 1980s [8] , [9] and later by other authors during the last decades [10] [11] [12] . The dielectric technique has recently advanced to the point that its true potential is being recognized [13] [14] [15] .
The recent trend has been to integrate dielectric spectroscopy into a self-contained system capable of measuring multiple parameters of interest for material manufacturing processes [16] . Application of the technique has been inhibited by a lack of basic knowledge of the relationships between molecular structure and the macroscopic dielectric behavior and by limited availability of robust sensors and instrumentation suitable for the industrial environment [15] [16] [17] .
1530-437X/$26.00 © 2010 IEEE Dielectric (DEA) measurements were traditionally made with coplanar sensors with interdigitated-comb-like electrode design [13] [14] [15] [16] , [18] , although other techniques have been successfully used as conductive parallel plates [4] , [5] , time-domain reflectometry (TDR) [17] , or microwave resonators [4] , [19] .
The main parameter of interest is the imaginary part of the complex permittivity or loss factor , which is related to the conductive nature of the material. In general, there are two main phenomena contributing to : ionic conductivity and dipole relaxations [20] , [21] . Conductivity is the dominant factor at low frequencies (usually below 100 KHz), and this value is considered as an indicator of polymer viscosity over time [21] . However, the conductivity is a quantity of limited utility since it tends to level off at gelation, and it becomes less sensitive to further chemical changes that occur beyond gelation [17] . In fact, there are some conditions (for example, temperature) in which ionic conductivity is not significant, and it is necessary to monitor the process at higher frequencies, such as the microwave band, where the dipole relaxation is more pronounced [20] . Also, conductivity changes due to polymer curing can be masked by other chemical activities which affect the presence of ions [22] . This is the case of strong polar polymer composites [23] , the presence of hydroxyl groups [22] , the gain or loss of water [2] , [24] , or the emergence of conductive by-products during reaction [4] . Another problem is that an increase of ionic conductivity may cause electrode polarization at the sensor head, which leads to erroneous readings, especially at low frequencies and in materials containing high water or salt concentrations [20] , [25] .
Interdigitated electrode sensors are sensitive to the material placed in a sensing volume ranging from tens of micrometer to a few millimeters [20] from the sensor head. This volume is determined by the electrode spacing, and it is limited because higher spacing induces electrode polarization at low frequencies. Therefore, the microwave frequency region is preferable for dynamic DEA measurements (from 1 to 3 GHz), in which the mobility of molecules plays the main role and it is not masked by conductivity [4] , with sensing volumes ranging from a few millimeters to several centimeters.
In this study, a microwave sensor system for the noninvasive monitoring of the dielectric properties of a thermoset plastic when curing inside a mold is described, together with the procedure to determine the degree of cure of the material. With the microwave sensor suggested here, the penetration depth ranges from a few millimeters to several centimeters, providing information more related to the bulk material.
Broadband dielectric relaxation spectroscopy has been widely used in the bibliography to reveal details about the polymers relaxation processes due to the proven sensitive to small changes in material properties [20] , [26] . The goal of the work presented in this paper was not so much to expand scientific knowledge on polymer relaxation characteristics as it was to validate the suitability and convenience of using a microwave sensor for in situ monitoring a cure reaction. Since this sensor is going to be applied for industrial processing purposes, it is sufficient to monitor the dielectric response over a narrow frequency range, if the material permittivity changes during cure are systematic [18] . This fact allows to substantially decreasing the final cost of the system, making possible the integration in the industrial environment.
In the following sections, we describe how the microwave sensor can be integrated in a self-contained system capable of measuring the parameters of interest of a thermoset reaction, as the PU manufacturing process, developed to the stage to make in-process use possible. Fig. 1 shows the microwave system designed for the cure monitoring process.
II. MEASUREMENT SYSTEM
The device comprises the sensor head which provides a response of the material state, the source which generates the microwave signal, a separation network, and a receiver which detects magnitude and phase of incident and reflected microwave signals from the sensor. It also has a control unit to direct the whole measurement procedure. The reflectometer system is connected to a PC through the serial port RS-232 to perform the required calculations and to transform the outputs into the desired display (including control functionalities, statistics, thresholds, and alarms).
Microwave signals (transmitted and received) are traditionally treated by impedance analyzers or automatic vector network analyzers (VNAs). The reason for the this is that the measurements for dielectric analysis are performed over many decades of frequency in order to identify different relaxation processes (broadband measurements). When the aim is to develop a system suitable to perform the cure monitoring in an industrial environment, the high cost of a VNA is a main disadvantage which prevents microwave sensors from being used at industrial scale [27] . In some cases, peak detectors can be used as an alternative to decrease the final cost of the system [22] . However, measuring only the signal magnitude is not enough to correctly determine the sensor resonance frequency and loss factor, especially when the sensor is strongly coupled, as demonstrated in [28] . In this case, is essential to determine both the signal magnitude and phase. To this end, a low-cost reflectometer is proposed, based on a commercial gain and phase detector (AD8302) [27] . The microwave source is designed as a phase-locked-loop (PLL)-based synthesizer (AD8314) with voltage-controlled oscillator (VCO) (from 1.5 to 2.6 GHz) and the separation network has been implemented with directional couplers. 2 shows a more detailed representation of the microwave sensor and mold where the interaction of the microwaves with the thermoset material takes place. The mold is a metallic (aluminium) truncated cone adapted to the shape of a cup container (polypropylene). The sensor is designed as a microwave coaxial resonator embedded in the metallic body of the mold and opened through the inner curved surface, so it does not alter the inner shape of the mold. A direct contact between the sensor surface and the material is not necessary, and a protective layer can be placed between them (the components mixture can be placed in a microwave-transparent container), provided that the microwave energy reaches the material inside the container. Thus, the presence of the sensor does not alter the reaction and measurements are noninvasive.
The sensor is interconnected to the microwave reflectometer through a coaxial cable and a feeding network which couples the energy coming from the source into the sensor. In this case, the feeding network is a loop which penetrates a certain distance into the sensor as described in next section. Fig. 3 shows the theoretical model employed to characterize the coaxial resonator and material. It can be observed that the structure has been divided into several parts. Each part is characterized by its multimodal scattering matrix , and the con- nection of the different matrices provides the response of the whole structure. The first part is a coaxial line of length , which is short-circuited at one edge. The multimodal scattering matrix of this structure is well known and can be found in [29] . This matrix is called because it represents the network response at the "right" side of the interface between the sensor and the measured material. The other part is the coaxial aperture radiating into a flat layered dielectric material, as represented in Fig. 4(a) . The multimodal scattering matrix can be obtained with the model developed by Baker-Jarvis in [30] . This model provides the values of the matrix, which represents the network response at the "left" side of the sensor-material interface.
III. THEORY

A. Modeling of the Coaxial Resonator
The complex unloaded resonance frequency of the sensor with the structure shown in Fig. 3 can be obtained by a numerical procedure, applying the following resonance condition [29] :
The unloaded resonance frequency and quality factor can be obtained from the complex resonance frequency as follows: Nevertheless, the sensor embedded in the mold, as represented in Fig. 4(b) , differs from the previous model [ Fig. 4(a) ] due to the curvature of the opening. Thus, both resonant frequency and quality factor of the aperture shown in Fig. 4(b) differ from the calculated with (1) and (2) . The modeling of such curvature in the coaxial aperture with mode-matching techniques presents a considerable complexity, so this effect is modeled with the aid of the commercial electromagnetic finite-difference time-domain (FDTD) modeling software Concerto (Quick Wave 3D) [31] .
The scattering matrix of the curved coaxial aperture computed with Concerto was considered as a new matrix in the resonator theoretical model, and the new resonance frequencies and quality factors were obtained by applying (1) and (2) . Simulated values of the dielectric material corresponding to the polymer layer with the curved shape range from 1 to 100 for the dielectric constant and from 10 to 10 for the loss factor. The first layer corresponding to the container in contact with the mold was also considered here.
By comparing previous resonant frequencies and quality factors with the new values , the effect of the curvature on the sensor can be modeled by correction matrices for the resonance frequency and quality factor, respectively, according to (3) Fig. 6 shows the results for the matrix as a function of the material dielectric constant for several loss factor values. Similar results are achieved for the error matrix . As noticed from the figure, these correction coefficients are very close to one in most of the cases, so in practice it may be possible to neglect the effect of the curvature without losing much accuracy.
B. Correction of the Effect of the Feeding Network
The microwave sensor is fed by a magnetic loop (see Fig. 1 ). In general, the use of a feeding network to launch energy into the sensor modifies its theoretical unloaded response: the resonance frequency is shifted to (loaded resonant frequency) and the quality factor is lowered to (loaded quality factor) [28] . The effect of the coupling network can be neglected if the energy is weakly coupled into the resonator (highly undercoupling condition). If fact, this is the usual procedure employed by many authors [28] , [32] to avoid any deeper analysis of the coupling elements. However, the undercoupling condition involves an important limitation: materials exhibiting medium or high losses cannot be measured because they absorb and attenuate most of the microwave energy, and the sensor resonance disappears [32] . Most polymers present moderate loss factors, especially at the initial stages of curing [13] , [17] , [18] , and some others polymers cause reaction by-products which also result in high conductivities and losses [4] . Then, to cope with any kind of polymer cure reaction, it is recommended to design the sensor with the energy strongly coupled (overcoupling condition), and, consequently, to incorporate the effect of the coupling network in the modelling of the sensor to correct the disturbance effect [28] , [29] , [33] . Fig. 7 . Equivalent circuit of a loaded microwave resonator in the resonance vicinity including the measurement system (first Foster's form). Fig. 7 shows the equivalent circuit representation of a oneport microwave resonator, connected to a measurement system by means of a transmission line, in the vicinity of the resonance. This representation is referred to as the first Foster's form [28] . Elements , and in Fig. 7 are characteristic parameters of the isolated (unloaded) resonator. The coupling network is modeled by an ideal transformer of ratio , and by the impedance . The ohmic losses within the coupling mechanisms are represented by . Element represents the extra energy storage introduced by the coupling structures. A more detailed description of this representation can be found in [28] .
According to this model, the detuning of a resonator due to the coupling elements, namely, the relation between loaded ( ) and unloaded resonator parameters is given by the following expressions:
where is the coupling factor and is the equivalent reactance of the coupling mechanism.
It can be appreciated that, for highly undercoupled resonators , the energy coupling inside the cavity decreases, as well as the perturbation induced by the feeding network, and the loaded parameters and can be approximated by the unloaded ones and . The values of and of (4) and (5) depend, among others, on the size of the coupling network (magnetic loop) and can be directly derived from the measurement of the magnitude and phase of the reflection factor of the sensor around the resonance, following the procedure described in [33] . However, the susceptibility cannot be directly extracted from the measurements [33] . Again, the electromagnetic simulator Concerto is employed here for simulating the loaded resonant frequency of a coaxial resonator excited with loops of different sizes. Fig. 8 shows the value of as a function of for different feeding loop lengths , according to (4) . For each loop, a range of values of has been obtained by simulating materials with different permittivities. It can be observed that, for each loop length, varies linearly with frequency in the vicinity of the resonance. Then, this parameter can be determined by calibration with the measurement of two reference dielectric materials with known permittivity, which would give two values of the straight line represented in Fig. 8 for the considered coupling loop length. This allows the subsequent determination of for any value of resonance frequency .
C. Permittivity Determination
Once the feeding loop is modeled ( is known for each ), according to the procedure described above, its effects can be corrected. Thus, and are calculated from measurements ( and ) by using (4) and (5). Additionally, the effect of the curvature surface of the sensor is removed using the matrices defined in (3), and, finally, the resonant frequency and quality factor are determined for each measurement. The calculation of permittivity from the measurements would make use of the numerical procedure described in Section III-A. However, the computational time required for this numerical process is too large to be used in a real-time control process.
In this work, we propose a method to compute in real time the complex permittivity. The method is based on a 2-D interpolation of two lookup tables (LUTs) which relate the values of the sensor resonance frequency and quality factor with the corresponding values of the material dielectric constant and loss factor . These matrices need to be previously computed using the theoretical model, applying the numerical procedure to determine the material complex permittivity from pairs of values of the sensor resonance frequency and quality factor, as displayed in Fig. 5(a) and (b) . The use of LUTs previously stored allow performing a fast 2-D linear interpolation from the frequency and quality factor values obtained at each moment during the process. With this procedure, several points per second are feasible.
D. Note on Temperature Dependence
An important point to note is that the sensor response depends not only on the material state, but also on the material temperature, since dielectric properties are dependent on both temperature and viscosity. A previous study was performed in which the effect of the sample and sensor temperatures was evaluated. The results showed that, in the temperature range between 22 C and 60 C, the deviation of the sensor response exclusively due to the temperature variation represents less than 13% of the total variation of the quality factor during reaction, whereas the maximum resonance frequency deviation due to temperature is less than 0.4% of the total variation of resonance frequency during reaction. For this reason, the authors consider that temperature should be monitored and its effects corrected only if the absolute value of the sample loss factor is important. If the aim is to check the relative changes in the sensor response to verify the reaction progress, temperature corrections are not necessary, at least for the mentioned temperature range.
IV. MEASUREMENTS AND RESULTS
A. Materials and Methods
The instrument and method described above have been used to assess its monitoring capabilities with a number of PU cure reactions, and some examples are shown below. Fig. 9 shows a picture of the microwave sensor in a self-contained system where additional temperature control in the mold body has been implemented for a wider applicability.
Two different polyester-based PU formulations (foam and compact) were studied, with the components and dosages described in Table I . The two liquid components of PU (Polyoland Isocyanate-based) are dosed volumetrically from their respective storage cans through pipes into a mixing chamber. Immediately after mixing, the liquid mixture is introduced into the mold where the cure reaction takes place (with a polypropylene cup as a container), and the monitoring procedure starts.
The resonance frequency and quality factor could themselves be used to perform the real time monitoring of the curing process since any change of the material immediately results in a change of the sensor response, but also, these two parameters can be used to determine the complex permittivity of the material under test which would result in a wider applicability since they are independent of the sensor head employed for measurements.
It should be noted here that, although there are different studies and opinions concerning the ability of using dielectrometry to determine the degree of cure of other crosslinking thermosets [34] , [35] , our results suggest that at least for the polyurethane under this investigation, the dielectrometric results can be considered to be proportional to degree of cure. These conclusions were extracted from a previous study in which degree of cure determined with the sensor was compared to that obtained with DSC. The authors consider that correlation studies between dielectrometry (performed with this sensor) and other traditional techniques such as DSC or IR spectroscopy are of special interest and these results will be presented in a forthcoming paper. Fig. 10 shows the evolution of the sensor resonant frequency and quality factor during the curing process for the two different types of PU: compact and foam. In both cases the effect of the PU formation can be seen in the change of both the resonant frequency and quality factor of the sensor during time.
B. Measurement Results
A clear difference between the two types of PU can be also observed in Fig. 10 . During the whole process, the resonance frequency of the foam PU is higher than the resonance frequency obtained with the compact PU. This is caused because, during the curing of the foam PU, carbon dioxide is released, and then some air is trapped in the mixture causing a decay of the final PU density, which leads to a lower permittivity and an increase in the resonance frequency. It is worth noting that the resulting resonance frequency differs notably between both materials, about 350 MHz, throughout the cure process. Fig. 11 shows the complex permittivity (dielectric constant and loss factor ) during the monitoring of the curing of foam and compact PU, corresponding to the resonant frequency and quality factor presented in Fig. 10 .
It can be observed that both the dielectric constant and the loss factor decrease with the reaction progress of the PU into the mold. This means that, during the cure process, the increase of viscosity of the liquid material cause a drop of the molecular mobility, and, thus, the permittivity of the material is drastically decreased. Since the change of permittivity is directly produced by the change of material's viscosity, the rate of reaction can be followed by simple inspection of the dielectric constant curve versus time.
From Fig. 11 , it can also be gleaned that a great reaction rate is given at the beginning of the process, since the slope in the permittivity change is higher at the early stage of the process. As cure proceeds longer, the rate of reaction is gradually decreased; this is in accordance with the loss of unchained polymer parts. At the final cure stage the value of the permittivity becomes more constant, thus indicating a lower reaction rate. The end of the cure process would be ideally indicated by the attainment of a flat permittivity level, when time tends to infinite. However, the sensor response indicates that the permittivity almost reaches a plateau for 80-90s, which may be used as an indicator of the time at which the material has reached a degree of cure close to 100% and enough to remove the material from the mold for a new curing reaction.
Further information of the curing process can be inferred from the reaction kinetics. The kinetics is calculated as the derivative of the resonance frequency with respect to time during the reaction . Similar results could be achieved with the derivative of the permittivity respect to time. These additional calculations have been added to the system to allow for wider control functionalities. Fig. 12 shows the mentioned kinetics of the two types of PU presented in Fig. 10 . In accordance with the results shown in Fig. 10 , the highest values of the sensor response variation are given in the early stage of the cure, and this indicates that the reaction rate is also higher in that period of time ( 10 s). When the material undergoes gelation and vitrification and the mobility of movable parts is gradually reduced, the reaction rate is decreased, influencing the decaying behavior of the derivative of resonance frequency with respect to time. This fact can be observed from 10 s to 80 s approx. In this point, the material may have reached the final degree of cure, because the derivative, that is, the reaction rate, is very low, and the dispersion of the data point out that no significant changes in the material viscosity occur above 80s.
Regarding with the two kinds of PU investigated the kinetics shows that the reaction occurs faster for the foam PU at the beginning of the cure. However, it seems from the measurements that the cure completion is achieved at the same time by both PU types. Conclusions obtained from the quality factor were very similar, suggesting that the degree of cure of PU might be calculated only from one set of measurements: the frequency or quality factor data.
Results show how the system provides excellent data for continuous evaluation of the degree of cure of polymers in a convenient and noninvasive way. However, as it has been already stated, the sensor system described can also be used to assess "components health," for example, controlling the extent of moisture uptake by the polyol component and its effects on the cure reaction [2] .
V. CONCLUSION
In this study, a new microwave sensor system for monitoring cure reactions of thermoset materials is described. Results show that noninvasive, continuous, and real-time monitoring of dielectric properties of the polymer can be performed, allowing to check initial conditions and to verify the adequate evolution of the cure process.
Examples of experimental measurements during PU cure reactions have been selected, in order to illustrate the operation of the system. The observed differences between the sensor response for compact and foam PU demonstrate that this technique offers maximum sensitivity for determining the dielectric parameters directly and accurately.
Although other types of dielectric cure monitoring devices are available, we were concerned about the need to operate in real time and in the rather unclean industrial environment, which is often hostile to sophisticated equipment. Robustness in both hardware and software is an additional requirement which has been fulfilled. For practical applications, the system has been demonstrated to be advisable not only for accuracy and rate but also for simplicity and cost. This allows the system to be used as a production monitoring and control tool as well as for laboratory studies. 
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